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a b s t r a c t
In this paperwe investigate the optical properties of thin ﬁlms produced through the layer-by-layer (LbL)
technique with a poly (p-phenylene vinylene) (PPV) precursor and the Congo Red (CR) azodye. Some sig-
niﬁcant changes areobservedwhen thePPV/CRﬁlm is irradiatedwithpolarized laser. An increaseof about
10 times in the PPV emission intensity was observed, with an irradiation time of 100min. Photoinduced
birefringence measurements revealed that a high birefringence was produced in the region of the ﬁlmeywords:
oly (p-phenylene vinylene)
ongo Red azodye
irefringence
hotobleaching
submitted to photo-irradiation, while a photobleaching phenomenon was observed in the same region.
However, such phenomena were not detected in measurements performed at low temperatures. The
results indicate that adegradationprocessof theCRmolecules is occurringwithphoto-irradiation, and the
changes observed in the photoluminescence spectra are correlatedwith the combined effects of degrada-
tion and energy transfer between the PPV light-emitting conjugated segments and CR azochromophores.egradation
hotoluminescence
. Introduction
The properties of conjugated polymers have been extensively
nvestigated in recent decades. Poly (p-phenylene vinylene) (PPV)
nd its derivatives, in particular, have very interesting charac-
eristics for optoelectronic applications in polymer light emitting
iodes (PLEDs) [1,2] and photovoltaic devices [3,4]. The PPV is
ot soluble in organic solvents, however, it can be processed in
hin ﬁlm form, using a water-soluble precursor, poly (xylylidene
etrahydrothiophenium chloride) (PTHT), which is deposited and
ubsequently converted to PPV with thermal treatment, for about
h, at temperatures higher than 200 ◦C, under vacuum. However,
he ﬁlms resulting from this conversion procedure carry limited
ptical properties due to the formation of light suppressor defects,
uch as carbonyl groups [5].
A signiﬁcant improvement was obtained by introducing a long
hain counter ion (sodiumsalt of dodecylbenzenesulfonate, DBS) in
he PTHT solution, allowing the conversion to PPV to be carried out
t lower temperatures, and at considerably shorter time intervals.
n particular, PPV/DBS ﬁlms deposited by the layer-by-layer (LbL)
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method showed enhanced optical properties [6]. Other compounds
can be used in an equivalent manner such as polystyrene sulfonate
(PSS) [7] or PEGNOPS [8]. Recently, Marletta et al. [9] reported on
the use of different sulfur compounds in the efﬁcient conversion
process of PPV at low temperatures (ca. 110 ◦C). In this case, it was
demonstrated that, when mixed with PTHT in aqueous solution,
even molecules with azo moiety – such as Congo Red (CR) – can
result in high quality spin coated thin ﬁlms.
LbL ﬁlms built by deposition of aqueous solutions of molecules
containing azo groups and polymeric materials can serve as a
means for optical storage and formation of surface-relief grat-
ings [10]. Such effects are related to the movement and alignment
of azo chromophores through photoinduced isomerization cycles
trans–cis–trans caused by excitation with polarized light [11]. A
high photoinduced birefringence was observed in poly (dimethyl-
diallyl ammonium chloride) (PDAC)/CR ﬁlms [12], and relief
gratings based on this system were fabricated successfully [13].
However, spectroscopic studies on this particular system showed
that the high photoinduced birefringencewas due to a photodegra-
dation process of CR molecules embedded in the PDAC matrix [14].
Open access under the Elsevier OA license. Another application of these compounds involving azochro-
mophores in polymer systems is the possibility to investigate
the resonant energy transfer processes [15]. This is particularly
interesting in cases involving azodyes and PPV, where there is
a signiﬁcant overlap of PPV emission and dye absorbance bands
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(Fig. 1. PPV thermal conversion pro
16,17]. Aﬁngerprint of thisphenomenon is theheavyPLquenching
f the host polymer, which depends on the molecular orientation
etween the polymer chains and the dye molecule, as well as the
onor–acceptor distance [18]. Using supramolecular engineering
hrough theLbLmethod, Zucolotto et al.were able toobtain ahighly
recise control of PPV/Brillian Yellow thin ﬁlms ﬂuorescence [19].
n this case, the PPV chains and the azodye molecules were phys-
cally separated by layers of optically inert material, and recovery
f the ﬂuorescence signal was observed by increasing the spacer
hickness.
This work is a study on the optical properties of PPV/CR ﬁlms
roduced by the LbL method. As proposed by Marletta et al. [9], we
eriﬁed the conversion of PTHT/CR to PPV/CR at low temperatures
110 ◦C), which may contribute to a lower structural defect den-
ity in the ﬁlm. In addition, some very signiﬁcant additional effects
ere observed in this system – in special, the substantial increase
n emission intensity of the PPVdue to the sample photo irradiation
ith polarized light – which were correlated with the phenomena
rising from the interaction of CR molecules (embedded in the PPV
hains) with the polarized optical excitation.
. Experimental
The samples investigated in this work were deposited by LbL
n hydrophilized BK7 glass substrates, following the procedure
escribed in Ref. [20]. PTHT (0.25wt% aqueous solution) and CR
rom Aldrich were used as purchased. The chemical structures of
THT and CR, as well as an outline of the PPV conversion pro-
ess, are shown in Fig. 1. The layers of PTHT/CR were deposited
y alternately immersing the substrates in solutions of PTHT
10−2 M)andCR (0.7mg/mL), anddiluted inultra-purewater (resis-sing CR as counter-ion of the PTHT.
tivity of 18.2M cm). After each dip, samples were washed in
ultra-pure water and dried by spinning [21] for 3min. The ﬁlms
analyzed in this paper consist of 30 bilayers. The thermal con-
version of the ﬁlms was performed in air for 30min by using a
homemade oven maintained at 110 ◦C. A DT-Mini UV–vis lamp
and a USB4000 spectrometer from Ocean Optics were used for
absorbance measurements. The same spectrometer was used for
ﬂuorescence measurements, and optical excitation source was a
diode laser emitting linearly polarized light at 473nm. Photo-
irradiation experiments employed a power of 10mW in a spot
about 2mm. An optical ﬁlter with cutoff wavelength of 476nm
(476nm Iridian LPF) was used at the entrance of the spectrometer.
Both ﬂuorescence as photo-induced birefringence measurements
were performed with the sample kept in a cryostat under vacuum
of about 10−5 Torr. The birefringence experiment used a laser diode
emitting at 633nm (laser reading), with power of 0.2mW, in an
incidence area under surface sample of about 1mm2. This laser
beam is transmitted through two crossed polarizers, maintained at
45◦ with respect to the polarization direction of the laser writing
(emitting at 473nm, 10mW in a spot of about 0.5mm). The exper-
imental setup is the same as shown in Ref. [22]. The transmitted
beam through the polarizers and the sample was collected by a Si
photodiode and the signal was sent to a lock-in (Stanford SR530)
tuned to the frequency of 330Hz. A He closed-circuit system was
used for low temperature measurements.3. Results
Fig. 2 shows the as-deposited PPV/CR ﬁlm (dotted line) and
CR aqueous solution (solid line) absorbance curves (the curve in
dashed line will be discussed below). For comparison purposes, the
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2ig. 2. Absorbanceof thePPV/CRﬁlmas-deposited (dotted line) andphotoirradiated
dashed line). The absorbance curves of the PPV control sample (dot-dashed line)
nd of the CR aqueous solution (thick line) are also shown.
bsorbance of a PPV control sample is also included (dot-dash line).
shoulder located between 500 and 600nm in the PPV/CR absorp-
ion curve can be observed, which is absent in the control sample
pectrum, and coincides with the region of maximum absorbance
f the CR in solution. Thus, this shoulder can be attributed to the
bsorption of CR molecules embedded in the PPV matrix [9]. In
ddition, the PPV has an absorption maximum around 440nm,
hich shows the efﬁciency of the ﬁlm conversion process under
hese conditions.
Fig. 3 shows the ﬂuorescence spectra (PL) of PPV/CR taken
t room temperature under vacuum (10−5 Torr), and collected as
function of time, whereas the ﬁlm was being irradiated with
olarized laser. Before the photo-irradiation process, the spectrum
onsists of two spectrally distinct structures: the ﬁrst, between 480
nd 560nm, coincides with the typical emission of PPV chains with
igh conjugation length [23]. The second structure, which extends
rom 560 to 700nm (most clearly seen in the inset of Fig. 3) is
ssigned to the CR ﬂuorescence. When photoexcited, CR molecules
ave two relaxation paths: photoinduced trans–cis–trans isomer-
zation, which is a non-radiative relaxation mechanism, and the
adiative path that causes the ﬂuorescence [10]. The observa-
ion of CR ﬂuorescence is an indicative of the difﬁculty that CR
olecules have to isomerize within the PPV matrix, since the
somerization process requires the existence of an available free
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ig. 3. Room temperature photoluminescence spectra of PPV/CR ﬁlm taken over
ime from laser irradiation. The inset shows the ﬁrst three spectra obtained with 0,
and 5min of photoirradiation.Fig. 4. Photograph of PPV/CR ﬁlm after the photoirradiation experiment conducted
at room temperature. The arrow indicates the laser incidence point.
volume surrounding the molecule [24]. However, with laser irra-
diation, the CR emission band loses its intensity rapidly (see inset
of Fig. 3), whereas the PPV luminescence band undergoes signiﬁ-
cant increase. In the course of 100min of photo-irradiation, the PPV
emission reaches an intensity that is about 10 times greater than
its intensity in the beginning of the laser irradiation process. If the
energy ranges of PPV/CR absorption and emission are compared
(Figs. 2 and 3, respectively), it will show that the PPV emission has
a large overlap with the absorption band of CR. This is an important
prerequisite for the occurrence of a Förster type energy transfer in
the PPV/CR system.
Notably, at the point on the ﬁlm surface where the laser was
focused, a photobleaching phenomenon occurred, as can be seen in
Fig. 4. The photograph was recorded just after the laser irradiation
experiment described in the preceding paragraph.
At the point of laser incidence, one can see clearly that the ﬁlm
becomes light yellow (region indicated by the arrow in Fig. 4).
The dashed line in Fig. 2 depicts the curve of absorbance taken at
this yellowish region of the ﬁlm. It can be observed that, in the
500–600nm interval (which was attributed to the absorption of
the CR molecules embedded in the PPV chains), the absorbance
intensity is clearly reduced.
The variation of the purely electronic peak intensity of the PPV
versus the time of laser irradiation, observed in the PL spectra of
Fig. 3, is represented in Fig. 5 by the empty circles. The solid line
represents the result of the photoinduced birefringence measure-
ment, i.e., the variation in transmittance of the reading beam (at
633nm) through the PPV/CR ﬁlm under irradiation with writing
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Fig. 5. Transmittance (left axis, continuous line) and photoluminescence intensity
(right axis, empty circles) as a function of laser irradiation time.
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iig. 6. Low temperature photoluminescence spectra of PPV/CR ﬁlm taken over time
rom laser irradiation.
aser (at 473nm). It is noteworthy that this measurement was con-
ucted at another point on the ﬁlm surface rather than on the point
here the ﬂuorescence spectra were collected. The transmittance
ariation is relatively large, and it may infer a high photoinduced
irefringence at the ﬁlm region irradiated by writing beam. Such
irefringence is very stable, so the signal transmitted practically
id not change after several hours. Fig. 5 also shows that the time
nvolved in birefringence saturation is comparable to the PL rise
ime of PPV.
Newﬂuorescencemeasurements versus timeof laser irradiation
ere conducted, but now the sample was kept at low temperature
about 15K). The resulting emission spectra are shown in Fig. 6.
t the beginning of experiment, a very intense emission band cen-
ered at 640nm is found, which undergoes only a slight decrease in
ntensity with 100min of laser irradiation. This band is attributed
o emission from the CR molecules. A very weak signal can be seen
n the emission region of PPV, which practically does not change
hroughout the photo-irradiation process, contrary to what was
bserved at room temperature.
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Finally, Fig. 7 shows the absorbance curves obtained with
polarized light at a non-irradiated region (Fig. 7a) and at a photo-
irradiated region of the ﬁlm (Fig. 7b). The latter is precisely the
region which became yellowish after the laser incidence (as shown
in Fig. 4). The continuous (dotted) curve was taken in the direction
of the light polarization, perpendicular (parallel) to the polarization
of the laser irradiation. It is seen that the spectra in the non-
irradiated region are almost identical, showing no dependence on
thedirectionof lightpolarization. This indicates that the LbLﬁlmsof
PPV/CR are quite isotropic. However, at the photo-irradiated region
(Fig. 7b) the absorbance of PPV is markedly more intense with the
light polarized perpendicularly to the direction of polarization of
laser irradiation. This shows that, in the photo-irradiated region,
more PPV chains were oriented perpendicularly to direction of the
irradiation laser polarization.
4. Discussion
The photobleaching caused by the laser irradiation on the
PPV/CR ﬁlm, as clearly seen in Fig. 4, can be attributed to the
degradation of CR molecules embedded in the PPV polymer chains.
Similar effect has been reported and discussed in the literature
on PDAC/CR systems used in the manufacturing of surface-relief
grating [12,14]. The sharpdecrease of theCRabsorbance in thepho-
tobleached region, as shown in Fig. 2, shows the dye degradation
caused by laser irradiation. The high photoinduced birefringence is
another experimental fact which conﬁrms this degradation, since
the behavior of the ﬁlm transmittance due to the writing laser
action is very similar to that observed in PDAC/CR [12]. However,
it is also expected that the azo group of the CR molecule under-
goes the isomerization process by the incidence of polarized light
[10,13]. The dependence of the PPV absorption with the direction
of light polarization in the photodegraded region (as depicted in
Fig. 7) may be linked to a possible drag of PPV chains, by the move-
ment of CR azo groups due to photoisomerization. After the cyclesalignedperpendicularly to thedirectionof excitationpolarization is
obtained [11]. This is the direction that the PPVabsorptionbecomes
more intense, as seen in Fig. 7b, which can be explained by prefer-
ential alignment of the PPV chains in this direction. However, this
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ffect seems to be far more subtle than the photobleaching effect,
n agreement with experimental observations of previous studies
ealized with the PDAC/CR system [12,16].
An unexpected increase of PL intensity with laser irradiation
as been observed in PPV casting ﬁlms [25,26]. The increase in
uorescence of the polymer, observed for samples submitted to
hotoirradiation in air, was explained by a model that predicted
he creation of an energy proﬁle along the ﬁlm thickness due to the
hotodegradation process of the polymer chains. In this case, the
xcitationwas transferred frommore conjugated to less conjugated
egments, and the transfer process, assisted by non-uniform distri-
ution of photogenerated defects, leads to a higher PL quantum
fﬁciency. Although the model provides a satisfactory explanation
or the observed experimental results, it would not apply to the
ase reported in thiswork, since all the ﬂuorescencemeasurements
ere performed in vacuum of about 10−5 Torr [27].
Toexplain the remarkable increaseof PPVﬂuorescence intensity
ith laser irradiation, as shown in Fig. 3, it is necessary to com-
ine the CR degradation process with the resonant energy transfer
etween the PPV emitting segments and the CR absorbing azochro-
ophores. In this case, the light emission generated by the donor
PPV) is being absorbed by the acceptor (CR molecules embedded
n the polymer matrix). The physical proximity between donor and
cceptor species in LbL ﬁlms of PPV/CR should make this process
ery efﬁcient. In the early stages of the photoirradiation process,
he emission of PPV is relatively low because almost all of it is
eing absorbed by CR acceptors. However, with the laser irradi-
tion, the degradation of CR molecules occurs, and, consequently,
he local concentration of CR molecules decreases, thus decreasing
he TEprocess and increasing the detection of the PPVﬂuorescence.
he possible photoalignment of azochromophores perpendicular
o the direction of laser polarization, as discussed in the preced-
ng paragraph, also may help to decrease the TE process, which
ltimately should increase the detection of the PPV luminescence
19]. The obtained results indicate that the degrading process of
he molecules is minimized at low temperatures. In this condi-
ion, there is not a signiﬁcant decrease in the CR emission band,
nd TE process is practically not changed, which keeps the PPV
uorescence weak. The intense ﬂuorescence from CR molecules
t low temperature could be an indication that azo groups are
ot able to isomerize when the environment temperature is so
ow. It is worth noting that photobleaching was not observed
n the ﬁlm after a laser irradiation process conducted at low
emperature.
The experiments carried out so far were not able to identify
he precise nature of the degrading processes that occur in PPV/CR
hrough laser irradiation. Constantino et al. investigated the pho-
oinduced degradation on PDAC/CR surface relief gratings, and
bserved a decreasing intensity of the Raman bands assigned to
R, with a concomitant increase in background signal related to
he presence of degraded carbon [14]. He et al. employed reﬂec-
ion absorption and FTIR to show that additional infrared bands
ppear after photoirradiation of PDAC/CR ﬁlms [13]. It is likely
hat effects like these are occurring on our PPV/CR samples. More-
ver, we cannot rule out the possible inﬂuence of local heating
aused by laser incidence. In any case, the localized photoirradi-
tion effects on the ﬂuorescence properties of LbL PPV/CR ﬁlms
hown in this study indicate that this system could be used, for
xample, in the manufacturing of two-color ﬂuorescent patterns
28].. Conclusion
Irradiationwith polarized laser has provoked several changes in
he optical properties of LbL PPV/CR thin ﬁlms. The absorption of
[
[
[tals 161 (2011) 87–91 91
CR molecules decreased and the ﬁlm underwent a photobleaching
process, from red to yellowish. In the region submitted to photoir-
radiation, it was found that the PPV absorbance shows dependence
on the light polarization, indicating that the PPV chains undergo
a molecular alignment, probably being dragged by the photoin-
duced isomerization of CR azochromophores. It also obtained a
relatively high transmittance through the ﬁlm, leading to a high
photoinduced birefringence very similar to the one reported for
the PDAC/CR system. During photoirradiation, we have observed
a signiﬁcant increase in PPV photoluminescence intensity with a
concomitant decrease in the ﬂuorescence of the CR molecules. The
spatial variation in the emission intensity produced by laser irra-
diation could be used, for example, in the production of two-color
ﬂuorescent patterning.
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